The technical analyses in support of U.S. energy conservation standards for residential appliances and commercial equipment have typically assumed that manufacturing costs and retail prices remain constant during the projected 30-year analysis period. There is, however, considerable evidence that this assumption does not reflect real market prices. Costs and prices generally fall in relation to cumulative production, a phenomenon known as experience and modeled by a fairly robust empirical experience curve. Using price data from the Bureau of Labor Statistics, and shipment data obtained as part of the standards analysis process, we present U.S. experience curves for room air conditioners, clothes dryers, central air conditioners, furnaces, and refrigerators and freezers. These allow us to develop more representative appliance price projections than the assumption-based approach of constant prices. These experience curves were incorporated into recent energy conservation standards for these products. The impact on the national modeling can be significant, often increasing the net present value of potential standard levels in the analysis. In some cases a previously cost-negative potential standard level demonstrates a benefit when incorporating experience. These results imply that past energy conservation standards analyses may have undervalued the economic benefits of potential standard levels.
Introduction
The U.S. Department of Energy (DOE) develops energy conservation standards for residential appliances and commercial equipment. 1 Improved energy efficiency is generally assumed to increase initial purchase costs, but decrease operating costs. In support of any new proposed standard, DOE conducts an analysis of the consumer life-cycle costs (LCC) and savings of a given product meeting the new standard, in addition to a national impact analysis (NIA) that calculates the economic and energysavings impact on the nation over a 30-year time period. An important input to these calculations is the engineering analysis, which determines the incremental appliance purchase cost as a function of incremental energy efficiency improvement. As codified in the statute, standards may be promulgated if and only if they are shown to be technically feasible and economically justified. To date, these analyses have assumed that the manufacturing costs and retail prices of appliances and commercial equipment (hereafter referred to generally as "appliances") are fixed during the typical 30-year analysis period.
There is, however, significant historical evidence of consistent declines in appliance prices, which implies that DOE's appliance standards analysis may be undervaluing the economic benefits to society. Dale et al. (2009) have noted that U.S. appliance efficiency regulation does not address trends in real market prices and energy efficiency improvements. They studied historical price trends of room air conditioners (AC), central AC, refrigerators, and clothes washers, and had four major findings: (1) for the past several decades, the retail price of appliances has been steadily falling while efficiency has been increasing; (2) past retail price predictions made by the DOE analyses of efficiency standards, assuming constant prices over time, have tended to overestimate retail prices; (3) the average incremental price to increase appliance efficiency has declined over time, and DOE technical support documents have typically overestimated this incremental price and retail prices; and (4) changes in retail markups and economies of scale in production of more efficient appliances may have contributed to declines in prices of efficient appliances. This problem of not addressing real market prices is not limited to the U.S. Appliance standards and labeling programs in Australia, Japan, and Europe suffer from similar overestimations of the cost of increased efficiency (Ellis et al., 2007) .
There is an extensive literature, applicable to a broad range of applications and industries, documenting how real production costs and prices of goods tend to fall in a relatively predictable way as cumulative production increases. This phenomenon is generally referred to as learning or experience. Wright (1936) pioneered the concept when studying the falling unit cost of aircraft production (a topic revisited by Alchian, 1963) . Early applications continued to focus on manufacturing (Hirsh, 1952; Arrow, 1962) , but since then the concept has been widely applied to such diverse products and services as semiconductors (Gruber, 1992) , building envelopes (Jakob & Madlener, 2004) , nuclear reactors (Joskow & Rozanski, 1979; Zimmerman, 1982) , liquefied natural gas (Greaker & Sagen, 2008) , solar photovoltaics (Masini & Frankl, 2002; van der Zwaan & Rabl, 2003; Nemet, 2006; van Benthem et al., 2008) , wind power (Ibenholt, 2002; Junginger et al., 2005; Klaassen et al., 2005) , renewable energy technologies (Neij, 1997; Papineau, 2006) , energy generation technologies (Jamasb, 2007) , and electric utility investments (Laitner & Sanstad, 2004) . Management consulting firms have studied experience for a diverse set of clients and products (e.g., BCG, 1972 BCG, , 1980 . To date, however, the study of experience for appliances has been limited (Bass, 1980; Newell, 2000; Laitner & Sanstad, 2004; Weiss et al., 2010a,b) . A thorough review of the extensive historical work on learning and experience, across many disciplines, is provided by Fusfeld (1973) , Yelle (1979) , Day & Montgomery (1983) , Dutton & Thomas (1984) , Argote & Epple (1990) , Newell (2000) , IEA (2000) , McDonald & Schrattenholzer (2001) , and Weiss et al. (2010a) (and references therein) . In addition, Baumol (1967) and Baumol et al. (1985) established the framework of unbalanced growth in the economy, explaining why certain sectors of the economy may have distinct real price trends from other sectors.
The empirical phenomenon of falling prices is typically modeled by a learning curve or an experience curve, depending on the scope of the analysis and the nature and breadth of causal factors. Learning and experience curves are functions relating the cost of production to quantity produced (typically cumulative production). Learning curve analysis tends to focus more narrowly on relatively well-characterized and localized factors of production that result in price reductions of a single standardized product (e.g., learning by workers and management that reduces labor hours needed for production), while experience curve analysis focuses on entire industries (often operating globally) and aggregates over many causal factors that may not be well characterized. The two main causal factors typically associated with learning curves are labor-based learning and investment in new capital equipment (Dutton & Thomas, 1984) . In its broadest sense, however, experience curve analysis implicitly includes factors such as efficiencies in labor, capital investment, automation, materials prices, and distribution at an industry-wide level (Newell, 2000) . Since market competition is very effective, learning in one plant or firm rapidly diffuses to other firms as well, leading to industrywide effects. Learning and experience curves have been empirically demonstrated at both the microeconomic and macroeconomic levels. It should be noted, however, that the literature seldom distinguishes between the use of these two terms, and they are often used interchangeably.
Various studies have examined the conditions under which experience (and learning) curve analysis could be used in support of policy to escalate commercialization of emerging technologies, and as a mechanism of assessment (IEA, 2000; Neij et al., 2003; van Benthem et al., 2008; Jamasb & Köhler, 2008; Ferioli et al., 2009) . Experience is already incorporated into the Energy Information Administrations (EIA) National Energy Modeling System (NEMS; Newell, 2000) , a model that is utilized for energy policy analysis. Some previous studies of energy-saving potentials achievable through standards have included modest experience parameters (e.g., Rosenquistet al., 2006) .
There is therefore a need to eliminate a potential bias in estimates of the cost of efficiency for appliances. Experience curves have recently been incorporated into the analysis of energy conservation standards for residential clothes dryers, room air conditioners, central air conditioners and heat pumps, furnaces, refrigerators and freezers (US Department of Energy, 2011a,b,c) . In this paper, we describe how those experience curves were determined and how the standards analysis was modified to include them (Section 2), calculate the appropriate experience rates and the effects on the national net present value for these appliances (Section 3), and provide some discussion on the methodology and considerations for future rulemakings (Section 4). Finally, we summarize our results (Section 5).
Methodology and Data Sources
This section describes the methodology and data sources used to determine the experience curve and experience rates for recent DOE energy conservation standards. In addition, we describe how experience rates were incorporated into the existing analysis framework. For more details on data sources and methods used to determine experience, as well as a full description of the appliance standards analysis process, see the energy conservation standards Technical Support Documents (TSD; US Department of Energy, 2011a,b,c).
Experience Curves
The conventional functional relationship for both learning and experience is given by
where P o is an initial price (or cost), b is a constant known as the experience rate parameter, X o is the initial cumulative production, X is cumulative production, and P is the price as a function of cumulative production. The experience rate is defined as the fractional reduction in price/cost that results from each doubling in cumulative production,
and is used to apply to both learning curves and experience curves. For example, an experience rate of 0.25 implies a 25% cost reduction for each doubling of cumulative production. Cumulative production is generally considered to be an appropriate proxy for knowledge accumulated. Production-driven models are generally better predictors of learning and experience effects than time-driven models (Newell, 2000; Bailey et al., 2011) , since production-driven models implicitly account for variations in production resulting from macroeconomic conditions such as recessions. Despite these advantages, however, it is important to remember that cumulative production is a proxy measure for the underlying (and related) causal factors. It is important to note that the functional forms of learning and experience curves are empirical relationships, though they are readily accepted due to the strength and robustness of the empirical evidence.
The final experience curves were obtained from a linear regression in log-log space as opposed to real space. This is reasonable if we assume: (1) the true errors in the price index are proportional to the value of the index; and (2) the errors are relatively small so that asymmetries in log space are minimal.
Product Prices
Direct manufacturing costs are very difficult to obtain, as these data are often proprietary. As a proxy for manufacturing costs, we use price indices from the Bureau of Labor Statistics (BLS), in particular the Producer Price Index (PPI).
2 The PPI is an 2 http://www.bls.gov/ppi/ 4 indicator of wholesale distributor price, adjusted for quality changes over time, and is available for a wide variety of specific industries (e.g., refrigerator manufacturing) organized by the North American Industry Classification System (NAICS) code. Since we are only interested in changes in producer prices and not in absolute prices, the indices, once inflation-adjusted, are suitable for the analysis. Annually averaged PPI data were adjusted for inflation using the Consumer Price Index -All Items Index 3 , a broad indicator of inflation in the economy.
4 Table 1 summarizes the PPI series used in the subsequent analysis. The household laundry equipment series was assumed to represent both clothes dryers and clothes washers because more detailed data were unavailable. A PPI series is available for heat pumps, but includes only a few years of data. As a result, the experience curve for heat pumps was assumed to be the same as for central air conditioners.
In the special case of refrigerators and freezers, a second discontinued price index exists from 1947-1997 as part of the Consumer Price Index (such a series does not exist for other home appliances). Given the important leverage that 30 extra years of data can provide, the discontinued CPI series and the PPI series for refrigerators were combined to form a unified price index. The years of overlap for refrigerator and freezer data were examined for differences, and a regression was performed to allow normalization of the PPI data to the CPI data. 
Cumulative Production
Annual shipment data were provided as part of the energy conservation standard rulemaking process by several industry trade associations, including the Association of Home Appliance Manufacturers (AHAM), Gas Appliance Manufacturers Association (GAMA), and the Air-conditioning, Heating, and Refrigeration Institute (AHRI). Annual shipment data were also available from publications such as Appliance Magazine and the AHAM Fact Book. In most cases, the data exist all the way back to the first year of production. For furnaces, shipments prior to 1953 were extrapolated backward based on a linear trend to the historical shipments (back to 1937). For compact freezers, an exponential fit was used to extrapolate back to 1951. In some cases, decadal shipments are available from the first decade of production onward, and were used when annual shipment data from the first year of production were not available. Projected shipments, used to project the experience curves to future years, were obtained from the base case projections from the energy conservation standards. See Fig. 1 and Table 2 for a summary of the annual shipments used. The annual shipments data were then used to calculate cumulative production.
Amending Appliance Standards Analyses
The analyses performed in support of federal appliance energy conservation standards rulemakings include a consumer life-cycle cost analysis (for the first year of compliance) and 30-year cumulative national impacts analysis. Both sets of analyses consider trial standard levels (TSLs), which are potential new energy conservation standards above the current minimum standard. The convention is to name TSL 1 the lowest potential new standard, TSL 2 the next lowest, and so on.
Both the LCC and NIA analyses rely on an engineering analysis that establishes the incremental cost of improved efficiency for each appliance. The main engineering analysis outputs are cost-efficiency curves (relationships of the increase in cost for a given increase in efficiency). These costs are then marked up to include manufacturer and retailer margins, resulting in final consumer prices. These final prices as a function of efficiency are main inputs into the LCC and NIA analyses.
The LCC analysis uses Monte Carlo simulations to determine the distribution of consumer impacts for various TSLs, in the first year of compliance. For each TSL, the LCC indicates what percentage of current consumers would experience a positive economic impact, negative impact, or no impact if they replaced their current appliance with new standards in place. The LCC considers both the initial purchase price and the life-cycle operating costs. LCC inputs include distributions of households (e.g., with varying size and location), usage patterns, equipment lifetimes, energy prices, and discount rates.
The NIA aggregates the LCC results across the nation over 30 years, using a forecast for annual shipments, average energy prices, and baseline improvements in efficiency. The NIA includes monetized values for emissions reduction (CO 2 and NO X ). Key outputs of the NIA are the total energy savings (in quadrillion Btu) and the net present value (NPV) of those savings, for each TSL (see Fig. 2 for an illustrative NIA result). The NPV is the discounted sum of total costs and savings over the 30-year period, discounted to the year of the analysis. Based on these results, the Secretary of Energy then determines which TSL will become the next federal appliance standard, weighing a number of factors (e.g., energy savings, consumer impacts, manufacturer impacts). Ultimately, the chosen standard should achieve significant energy (and water) savings, while being technologically feasible and economically justified.
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Incorporating experience curves into the LCC analysis portion of the appliance energy conservation standard analysis is straightforward. The LCC is only calculated for the first year of compliance, and the compliance year is typically 3-5 years after publication of a Final Rule by DOE. Thus, the input prices that are fed into the LCC model are simply deflated by a single value, representing the experience gained between the date of the engineering analysis in support of the rulemaking to the first year of compliance. For the national impact analysis, the average purchase prices (in real dollars) for all efficiency levels are deflated each year in the 30-year analysis, much like the electricity prices are adjusted every year. Thus, appliances purchased late in the 30-year analysis period are less expensive in real dollars than those purchased in the first year of compliance.
This approach, while straightforward, assumes that the baseline price and the incremental price of efficiency are both deflating at the same rate (with the same experience parameters). Changes in the price of the appliance are also being used as a proxy for changes in the price of raising appliance efficiency. This assumption may not be strictly true in reality, as efficient technologies may not be as mature as baseline technologies. As discussed below in Section 4.6, however, we argue that this assumption leads to a conservative estimate of the experience effects.
Sensitivity Scenarios
Forecasting price indices over a 30-year period can be potentially very sensitive to uncertainties in fitting an experience curve (van Sark, 2008; Yeh et al., 2009 ). To better understand how uncertainty in the experience curve analysis might affect the policy choice determined from the energy conservation standard analysis, several experience rate sensitivity scenarios were calculated. A few alternative (non-experience curve) price trend models were also explored as sensitivity scenarios.
To determine if the experience rate parameter changes as a function of time, due to long-term structural changes in a particular industry, we performed experience curve fits on two or more component periods in the historical data (roughly splitting the time series in half). For several appliances, the year splitting the two components was Figure 2: Illustrative example of results from a NIA. Shown are the undiscounted annual operating savings and initial purchase cost increases for a hypothetical appliance at a hypothetical trial standard level, as well as the net benefit or cost. Because the results are aggregated over the nation, each year a new set of consumers purchases replacement appliances (hence why the savings rise quickly initially). Each appliance also has a lifetime of many years, so that operating savings are propagated for several years. The savings begin to decline at the end of the analysis period since the model assumes a baseline improvement in efficiency occurs whether or not a new standard is implemented. Total purchase costs decrease as a result of experience (though the effect is counter-balanced by increased shipments). The NPV would be the discounted sum of the net benefit/cost over the 30 year analysis period. chosen to be the compliance year for the first federal energy conservation standard for that product. For refrigerators, several fits were performed to various CPI and PPI subseries.
In the clothes dryer case, the PPI series that was used represented a more aggregate product category than the appliance analyzed (e.g., household laundry equipment vs. clothes dryers or washers). In this instance, an additional sensitivity scenario was calculated. Price data were collected from Consumer Reports and market research firms such as NPD on clothes dryers and clothes washers. Using these data, an experience rate was calculated for clothes dryers only, using cumulative shipments for that appliance only. Although this experience rate is more representative than the rate based on the aggregate PPI category, the clothes dryer price data cover only a handful of years. As a result, the fit is not nearly as robust as that based on the PPI of the aggregate category.
In the case of refrigerators and freezers, we also considered an alternative exponential model (e.g., similar to Moore's law; Moore, 1965) to extrapolate the price trend. An exponential model uses time as an explanatory variable, instead of cumulative shipments. If annual (and cumulative) shipments are exponential with time, the experience curve and the exponential model are equivalent:
where P is the price, P o is the initial price, t is the time variable which equals the year difference between the base year and any given year, and α is the exponential parameter of the time variable. This model can be alternatively expressed as a percentage decline/increase in price per year. Although time-driven models are generally not as accurate as production-driven models (based on hindcast studies; e.g., Bailey et al., 2011) , several recent studies of technological progress have utilized them (Koh & Magee, 2006 , 2008 , so we considered them here for completeness. EIA uses the NEMS model when publishing their Annual Energy Outlooks (AEO).
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NEMS incorporates a macroeconomic model that forecasts national energy use and productivity out to 2035. NEMS produces a set of intermediate outputs, including chained price indices for various sectors of the economy. In the case of refrigerators and freezers, we also examined a forecast based on the Personal Consumption Expenditures -Furniture index that was forecasted for AEO 2011. This index is the most disaggregated category that includes appliances. To develop an inflation-adjusted index, we normalized the above index with the forecasted GDP deflator from AEO 2011. To extend the adjusted index past 2035, we used the average annual growth rate in 2026-2035. This price trend has a long-term real price decline of approximately 2.6% per year. Fig. 3 illustrates the full range of price trends for the case of refrigerators and freezers, including the experience curve, the exponential model, and the AEO 2011 forecast. The experience and exponential model were fit to various subsets of the data. The 95% confidence limits on the experience curve and exponential model are not shown, but were also considered as part of the sensitivity analysis. Of all these trends, the trend with the largest price decline was considered as a high sensitivity scenario in our sensitivity analysis, and the smallest price decline was considered as a low sensitivity scenario. The experience curve was the default model in all cases. The default, High, and Low sensitivity scenarios were used in the national impacts analysis (for clothes dryers, we also used the clothes-dryer-only experience rate scenario). These sensitivity scenarios were not considered for the life-cycle cost analysis. Since the life-cycle analysis is based on the first year of compliance only, typically only a few years from publication of a Final Rule, the difference in price deflators amongst the various scenarios will be minimal. Over a 30-year time period, however, the difference can grow to become substantial.
Experience Rates and National Impacts Analysis Results
Tables 3 and 4 summarize the experience curve and sensitivity results for all the appliances considered in recent energy conservation standards, and Fig. 4 illustrates the historical PPI series and the default projections. The default scenario is used throughout the energy conservation standard analysis (consumer LCC, NIA, manufacturer impact analysis, etc.), whereas the various sensitivities are used to analyze impacts in the NIA 13 . Shown are the NIA results using the previous constant price assumption, a low price trend sensitivity scenario, the default price trend based on an experience curve, and a high price trend sensitivity scenario. Also included is a scenario using the clothes-dryer only PPI series, as opposed to the household laundry equipment PPI series. The LCC analysis and all downstream analyses use the default price trend only. See Section 2.5 for the definition of the various scenarios. The inclusion of experience has a modest effect on the NPV for clothes dryers.
HVAC Equipment
Trial . Shown are the NIA results using the previous constant price assumption, a low price trend sensitivity scenario, the default price trend based on an experience curve, and a high price trend sensitivity scenario. The LCC analysis and all downstream analyses use the default price trend only. See Section 2.5 for the definition of the various scenarios. The inclusion of experience has a substantial effect on the NPV of the more stringent TSLs. TSL 6 was previously considered to be cost-negative, but the revised analysis demonstrates a benefit. . Not all TSLs are shown for each product class, as some TSLs are significantly negative (not cost-effective). Shown are the NIA results using the previous constant price assumption, a low price trend sensitivity scenario, the default price trend based on an experience curve, and a high price trend sensitivity scenario. The LCC analysis and all downstream analyses use the default price trend only. See Section 2.5 for the definition of the various scenarios. The inclusion of experience has a substantial effect on the NPV of the more stringent TSLs. Some TSLs were previously considered to be cost-negative or cost-neutral, but the revised analysis demonstrates a significant benefit. . Not all TSLs are shown for each product class, as some TSLs are significantly negative (not cost-effective). Shown are the NIA results using the previous constant price assumption, a low price trend sensitivity scenario, the default price trend based on an experience curve, and a high price trend sensitivity scenario. The LCC analysis and all downstream analyses use the default price trend only. See Section 2.5 for the definition of the various scenarios. The inclusion of experience has a substantial effect on the NPV of the more stringent TSLs. Some TSLs were previously considered to be cost-negative or cost-neutral, but the revised analysis demonstrates a significant benefit.
Refrigerators

Freezers
Room Air Conditioners
Trial Net present values (NPV) for a variety of trial standard levels (TSL) for residential room air conditioners. The NPV is aggregated across the nation and summed over a 30-year analysis period, discounted at 7% per year. Positive NPVs indicate that benefits of potential standards exceed costs. See Section 2.4 for an overview of the appliance standards analysis. Results are from the National Impact Analysis of the recent Direct Final Rule (US Department of Energy, 2011a). Not all TSLs are shown, as some TSLs are significantly negative (not cost-effective). Shown are the NIA results using the previous constant price assumption, a low price trend sensitivity scenario, the default price trend based on an experience curve, and a high price trend sensitivity scenario. The LCC analysis and all downstream analyses use the default price trend only. See Section 2.5 for the definition of the various scenarios. The inclusion of experience has a substantial effect on the NPV of the more stringent TSLs. TSL 5 was previously considered to be cost-neutral, but the revised analysis demonstrates a significant benefit.
only. As these experience rates are derived using domestic shipments only, they represent apparent experience rates in the U.S. (see Section 4.2 for further discussion). The majority of these appliances have experience rates above 30%, with only central air conditioners below 20% (in the default scenario). The inclusion of experience curves can significantly affect the NPV of the aggregated national economic impacts for a potential standard. Figs. 5-9 demonstrate the results of including experience curves in the NIA, with the NPV discounted at 7% per year. For most appliances, the NPV rises significantly compared to the constant price assumption, indicating a larger national benefit from potential standards. The effect is more dramatic for higher TSLs (i.e., more stringent potential standards), where the cost premium is larger. This is realistic -in reality newer (and therefore more expensive) technologies will undergo more rapid experience than more mature technologies, therefore one intuitively expects the higher TSLs to show a more pronounced experience effect. In a few cases (such as refrigerators and HVAC equipment) the NPV actually changes sign for some TSLs. A previously uneconomical potential standard level becomes economical when incorporating experience curves.
It is important to note that the NIA includes many other factors than simply purchase price and operating cost. The model includes installation costs, repair costs, purchase price elasticities, early replacement effects, fuel switching (for certain products), and other effects. None of these are affected by experience as derived above. Nevertheless, the purchase price is usually the dominant factor, and thus including experience curves in the analysis is important (though installation can be significant for some appliances).
Given that experience curves are more representative of actual market behavior than a constant price assumption, our results imply that previous appliance standards analyses, guided by the older methodology, were undervaluing the potential benefits and perhaps settling on a lower standard level as a result. For example, suppose the policy choice is based on the maximum TSL with a positive NPV, then incorporating experience curves can result in a higher TSL for HVAC equipment and refrigerators. If the policy choice is based on the TSL with the maximum NPV, however, the effect on the policy choice is much more limited, and potentially only affects refrigerators. Nevertheless, the final NPV estimates are much larger than when assuming constant prices, and thus the cumulative economic benefits of the appliance standards program have likely been significantly underestimated in the past.
Discussion
General Methodology Comments
The ideal implementation of experience curve analysis would include detailed cost data for each efficiency level, for each individual product. Such data are virtually impossible to obtain for the U.S., however, and so we must rely on lower resolution data such as the PPI. Furthermore, past trends are no guarantee of future performance. Nevertheless, the PPI data show persistent, significant, and lengthy historical trends, and are therefore a more rational indicator of future trends than an assumption of no changes. The sensitivity analysis looks at the effects of historical fluctuations, recent trends, fitting variations, and data variations (e.g., looking at lower quality but more product-specific data). The 30-year forecast may be sensitive to errors in the experience curve analysis, but such forecast errors are diminished by the discounting adopted in the NIA. Ultimately, in the cases discussed here, the policy choice based on the NPV results is the same regardless of whether the low, default, or high scenario is considered.
The experience model utilized in our analysis is straightforward and is a proxy for a variety of underlying casual factors. We recognize the limitations of such a simple model, and acknowledge that future work is needed in assessing the reliability and applicability of experience curves in policy analysis (Jamasb & Köhler, 2008; Ferioli et al., 2009) . Adopting a more complex experience model, however, is not justified by the relatively limited and low resolution data, as any model with additional parameters may overfit the limited data. We additionally do not have data for high-efficiency and baseline products separately. It is also plausible that appliance experience is in reality driven by component-level innovations, and that a component-level model is perhaps a better indication of true experience (Ferioli et al., 2009) . Our adopted experience curve model is therefore simple and conservative, but is ultimately a vast improvement and is significantly more representative of real-world dynamics than the previously used constant price assumption.
Apparent Experience
Since the focus of this work is domestic, we rely only on domestic shipments (i.e., cumulative production intended for domestic consumption). The analyses conducted for DOE energy conservation standards are similarly restricted to domestic consumption. Appliance manufacturing is concentrated in a few multinational corporations, however, and major changes in one market can impact other markets substantially. True experience is a dynamic of global production and distribution, with different regional factors having more or less influence on product price. A manufacturer will learn from all production lines and apply improvements globally. This is especially true for new technologies incorporated into appliance designs. New premium and efficient features are introduced predominantly in one market at first, and then diffuse into the remaining global markets.
Costs as perceived in the U.S. are likely changing faster than would be driven by domestic shipments alone, because domestic shipments are only a fraction of total shipments. The fraction of U.S. shipments relative to global production is also changing, and has diminished with time. We therefore distinguish an experience rate calculated using only domestic shipments as an apparent experience rate. Nevertheless, utilizing the apparent experience rate makes sense from a domestic energy policy context. Mandatory efficiency standards, for example, focus only on domestic energy-saving impacts (DOE has no authority beyond the U.S.). When calculating the national net present value of a possible minimum efficiency standard, the apparent experience rate is the correct value to use. Domestic consumers benefit fully from global production experience, despite purchasing only a fraction of total global production. It is for this reason that our experience values differ from those in Weiss et al. (2010b) , and from other historical studies of experience in appliance manufacturing.
We note that this distinction confounds the experience curve literature in general, not just its application to energy efficiency standards. For example, the impressive re-view of Weiss et al. (2010a) documents the results of 75 different experience curve analyses. There is no consistency in the independent and dependent variables for each, however, with some studies pairing domestic prices with global production, others pairing domestic prices with domestic production, and others not specifying. There is good reason for this confusion, with mixed markets and major shifts in the relative influences of those markets through the decades. Domestic appliance energy policy, however, is based on domestic shipments and domestic economic benefits, and thus in this instance, the data needs are clear.
Characteristics of PPI as a Cost Indicator
The producer prices on which the PPI is based are only a close approximation of manufacturing costs. True manufacturing costs, both fixed and variable, are generally not available in time series (indeed they are often proprietary). Therefore, even though experience curves are strictly a (mostly variable) manufacturing and distribution cost effect, we must rely on the producer prices for our analysis. Nevertheless, PPI is based on a wholesale price, not a retail price, so it is not subject to factors that affect retail prices. The use of PPI indicates long-term declining real price trends for many products.
The PPI also includes a quality adjustment, which attempts to factor out physical changes (such as capacity, premium features, government-mandated features, etc.) in the product that affect the price. 7 The BLS uses a variety of methods to determine this quality adjustment, including comparing similar models from year to year, asking manufacturers to explicitly separate out value-added cost increases, and potentially using a hedonic model. For this reason, the PPI is a better measure of experience curve effects than actual wholesale prices would be, since changes in PPI should reflect production cost changes due to industrial productivity improvements and other advances in technology rather than changes driven by enhanced features.
The BLS does not explicitly correct for changing product efficiency in the CPI, but the PPI likely accounts for improvements in the energy efficiency of the device because such changes are generally physical changes. This quality adjustment is exactly what the appliance standards analysis, based on an engineering cost-efficiency curve, requires. Although experience curve analysis has been applied to residential appliances for decades, and many analyses account for variability or changes in the service delivered per unit, in general the change in the energy efficiency of appliances is not accounted for, except in cases in which energy delivery or conservation is the end service delivered. Weiss et al. (2010a,b) document numerous cases of capacity-related normalizations. For example, clothes washers and dryers, dishwashers, and refrigerators are frequently, though not always, normalized with respect for volume, and computer memory is consistently normalized for megabytes of DRAM. In cases where energy efficiency and delivery are not the end-use service delivered, however, efficiency is generally not accounted for. Yet appliances have significantly reduced their energy consumption over the time period considered in these experience curve analyses (e.g., refrigerators currently use approximately 70% less energy than in the 1970s). In contrast, as noted above, energy service technologies like photovoltaics, lighting, heating, building insulation, advanced glazing, and electricity generators are usually (though not always) normalized for the energy delivered or conserved. Usage of the PPI to analyze experience curve effects is therefore advantageous since energy efficiency is likely included as part of the quality adjustment. This yields a fairer, more realistic experience rate estimate that is not biased toward lower values due to constantly improving efficiency.
The PPI is based only on domestic manufacturing. Although a majority of appliance manufacturing is now performed overseas, there are still some appliance models manufactured domestically, and historically the share of appliances produced domestically was much larger. Thus the PPI is still a meaningful indicator. Labor costs can be an important component of variable manufacturing costs, however, and since outsourcing is not reflected in the PPI time series, using it results in a conservative estimate of the experience rate. We do not attempt to forecast the impact of future outsourcing of production (or increase in imports generally) in our forecasts of appliance manufacturing costs. a The PPI series applicable for clothes washers is the household laundry equipment series, which also includes clothes dryers. Table 6 : Comparison of long-term real price trends derived in this study with values from the literature. This study relies on PPI data, whereas previous studies obtained market price data from market research firms. All price data have been deflated to real dollars using a consumer index appropriate for the region analyzed. 
Comparison of PPI to Market Data and Previous Studies
In order to address some of the potential issues relevant to using the PPI, we performed a cross-check of PPI data with actual market data. We used market price data gathered as part of the refrigerator and freezer rulemaking activity, obtained from the market research firm NPD. 8 The data include monthly units sold and total price at the point of sale (retail) over a period of 24 months, and we compared this to the monthly refrigerator-only PPI series 9 over the same time period. NPD includes many large retailers and covers a significant fraction of the market; we therefore assume it is representative of the whole market. The NPD data are actual prices paid by consumers, and therefore include all possible sales, promotions, and discounts. Using only 2 years worth of data limits the extent of any physical changes that might have occurred in refrigerators and freezers, enabling a cleaner comparison of PPI and market data, and yet provides 23 monthly data points (January 2007 to November 2008 inclusive).
We derived the following monthly series from the NPD data, for both refrigerators and freezers: (a) the sales-weighted average price of all units sold; and (b) the average model price of all models sold. The NPD market data are inherently variable, as consumer spending habits fluctuate and retailers offer discounts. NPD also does not cover 100% of the market. Nevertheless, there is good agreement in the general price trend between the PPI and the series derived from NPD data, as shown in Fig. 10 . Since the time period is only 2 years, the models available for purchase are likely to remain relatively constant, which is why we include the derived series (b). Table 5 lists the Pearson correlation coefficients of the PPI series with the NPD series. All are significantly correlated and the null hypothesis is rejected with over 99% confidence, even given the relatively shallow trend over the 2-year time period (correlation tests are not possible with a constant function). This provides reassurance and verification that the PPI series are representative of changes in product prices. The correlations will not be perfect because the PPI is quality-adjusted but the NPD data are not. The adjustment over a 2-year period will be small but not necessarily zero.
In addition, we also compared the PPI series used in determining the experience rates with trends and market price data in the literature. Fig. 11 compares data from Dale et al. (2009) , originally obtained from catalogues and Consumer Reports. Dale et al. restricted the price data to specific capacities and types of appliances (e.g., an 18 ft 3 top-mount refrigerator), so these data are partially quality-adjusted. For all appliances except perhaps central air conditioners, the trends in the PPI series qualitatively correlate very well with market price data. The market price data gathered by Dale et al. for central air conditioners may not be representative of actual prices. Central air conditioners are generally contractor purchased and installed appliances, and are rarely purchased by consumers directly through retail, leading to a potential discrepancy between catalogue prices and prices actually paid by the contractor. This may explain some of the discrepancy between Dale et al. (2009) and the PPI series. Table 5 lists the Pearson correlation coefficients for refrigerators & freezers and clothes washers, the only two appliance categories with sufficient overlapping years to calculate a correla-tion coefficient. The price trends derived in this study for all appliances are consistent with other previous domestic and international studies (Table 6 ).
Cost Reductions at Constant Efficiency
As described in Section 4.3, it is important to consider price changes at constant efficiency, especially given the remarkable progress in appliance efficiency in the last 40 years. Prices and energy use have both fallen significantly over a long period of time. In a few cases, data exist that can be used to illustrate the reductions in appliance production cost at constant efficiencies. The appliances covered here have all had recent updates of their energy conservation standards. The TSDs published by DOE in support of these rulemakings include an engineering analysis, which establishes the cost-efficiency curve for a given appliance (i.e., the incremental manufacturing costs for a given incremental efficiency improvement). The TSDs are available for both the recent rulemakings as well as past rulemakings, complete with an older engineering analysis and cost-efficiency relationship. (The last standard for clothes dryers was issued in 1991, and its engineering analysis is unavailable.)
The manufacturing costs used in these analyses are obtained via confidentially submitted manufacturing data and/or from manufacturer interviews, as well as by detailed tear-down analysis. By comparing the older and newer cost-efficiency relationships, it is possible to determine how manufacturing costs have changed for a given efficiency, in the time separating the two rulemakings. The update frequency is typically once every 6-10 years (potentially longer) during which time technologies can change substantially. Given this large time span, there is often only limited overlap between older and newer cost-efficiency relationships. In some cases there is no overlap at all. Nevertheless, these cost-efficiency curves provide an important qualitative insight. A design option that was once considered very efficient and carried a significant cost premium can become todays baseline option.
Figs. 12-15 show the cost-efficiency curves for room air conditioners, central air conditioners (including split ACs, packaged ACs, split heat pumps, and packaged HPs), furnaces, refrigerators, and freezers. Calculating experience rates by efficiency levels is not possible, since shipment data by efficiency level are not available, although we can make qualitative comparisons.
In all cases, the manufacturing cost for a given efficiency level has declined significantly, by as much as 60% over 14 years for room air conditioners, 30% over 11 years for central air conditioners, 55% over 4 years for furnaces, and 40% over 15 years for refrigerators. This is compared to a decline in PPI of approximately 25%, 5%, and 33% for room air conditioners, central air conditioner, and refrigerators respectively, over the same time periods (using the default experience rate). The PPI for furnaces is essentially flat in the last 4 years. This highlights the difference between high-efficiency units vs. average units, in that costs associated with high-efficiency units (often with small or zero market share at the time of the analysis) will likely decline faster than an average unit. This is especially true in the case of furnaces, for which only 4 years separate the two engineering analyses, and yet we see a 55% drop in manufacturing costs for the most efficient units. In the case of packaged heat pumps, there was no overlapping efficiency level in the two engineering analyses. It is worth noting, however, that the maximum level analyzed and deemed viable in 1999 was 12 SEER (seasonal 32 energy efficiency ratio), whereas the baseline packaged heat pump was 13 SEER in 2010. This comparison of bottom-up engineering analysis from successive appliance standards rulemakings underscores the need to include experience in the standards analysis. The cost deflators used in our analysis likely underestimate the actual decline in manufacturing costs, especially for the high-efficiency TSLs. Including even a conservative estimate of experience, however, is an improvement over the previous constant price assumption that is clearly inconsistent with historical data.
Considerations for Future Rulemakings
The methodology outlined here treats baseline models and highly efficient models in the same way. The PPI does not distinguish between the two, and the calculated experience rates are applied to both equally. In reality, because the baseline models and the highly efficient models are at different maturity stages, their experience rates are likely not the same. High-efficiency models tend to incorporate newer technology, and we would expect such models to experience faster cost declines than more mature technology since the time period required to double the cumulative production of newer technology is shorter than for technology long on the market. The use of the PPI to determine the experience curve for the product as a whole will tend to undervalue the potential economic benefits for higher efficiency models. We would ideally like to have appliance price histories broken down by efficiency class, and if at all feasible, by important components (e.g., compressors, heat exchangers, vacuum panels, etc.).
Unfortunately, at this time we are not aware of robust data sufficient to separately analyze baseline models and efficient models. Such data are virtually non-existent in the U.S., though these data are collected in Europe in support of EU efficiency standards. The regulatory analysis would benefit from an institution or agency implementing a program to make such data available. The analysis could then utilize these data to develop more sophisticated experience curves for baseline and efficient models.
A few appliances and some commercial equipment are heavily affected by volatile commodity prices. For some, such as transformers and motors, a significant fraction of the manufacturing cost is in obtaining the raw materials such as copper, aluminum, and steel. This is confirmed by the PPI series for these products, which are not monotonic and correlate strongly with the historical prices of commodity metals. The prices of these commodities depend on many factors and cannot be forecasted as part of the energy conservation standards analysis. For future rulemakings, historical commodity data could be used to determine whether commodity price volatility is a concern for estimating an experience rate for specific products. In such cases, and with sufficient cost and/or price data, it might be possible to factor out commodity price volatility and determine an experience rate for the non-commodity component of the manufacturing cost/producer price.
In cases with limited or no data, it is worth considering using data at a higher level of aggregation to determine a range of experience rates. This approach has already been adopted to some degree with household laundry equipment. For some product categories, there may not be suitable PPI data to properly characterize the experience curve. In such instances, using the AEO price trend as a default scenario is perhaps the best approach, and is clearly more representative of actual markets than assuming a priori that costs remain constant in the 30-year analysis period.
The improvements outlined above will enhance the statistical certainty of the experience curve estimate and the completeness of the model. Additional data should enable an improved evaluation of the potential impacts of more of the factors that can influence equipment cost and price trends over time. Such data will also enable a more sophisticated sensitivity analysis.
Summary
Historically, technical analyses performed in support of national energy efficiency appliance standards have forecasted equipment prices to be constant over the analysis period. This assumption-based approach of a constant real price trend is not consistent with the historical data for many products, including consumer durable goods. Inflation-adjusted producer price data for appliances exhibit persistent price declines over several decades. The constant cost assumption used in previous energy efficiency standards analyses therefore underestimates the consumer benefits of more stringent standards.
Experience curve analysis can be used to obtain more representative price forecasts for appliances, as was done for the analyses in support of recent appliance energy efficiency standards (for clothes dryers, room air conditioners, central air conditioners and heat pumps, furnaces, refrigerators, and freezers). This is an approach with a strong academic foundation, utilized across many disciplines, and is advocated for use in energy technology policy by the Organization for Economic Cooperation and Development and the International Energy Agency (IEA, 2000) . When incorporating experience curves, the recent appliance standards analyses yielded significantly larger net present values than when using the constant price assumption. For some trial standard levels, the net present value changed sign, suggesting that previous rulemakings may have undervalued the benefits of appliance efficiency standards and adopted lower standard levels as a result.
In recognition of the uncertainty in experience curve analysis, we adopted several sensitivity scenarios. The scenarios were used in the national impact analysis to examine the dependence of the results on different assumptions about experience. While there are some differences between high and low sensitivity scenarios, the policy choice generally remains unchanged (e.g., if the policy choice is based on maximum NPV). There is, however, a drastic difference compared to the constant price assumption.
Although incorporating experience curves in appliance standards analysis represents a significant step forward, further research is needed to properly account for several other factors, such as commodity price volatility. Baseline and high-efficiency products should also be treated separately, as cost reductions are often more pronounce in newer-technology products. The current implementation described here is therefore conservative, but is ultimately a more representative projection of future prices than the constant price assumption.
